In this study, a 2 inch sized a highly periodic nanometer-scaled patterned sapphire substrate (NPSS) was fabricated using nanoimprint lithography (NIL) and inductively coupled plasma etching to improve the light-extraction efficiency of GaN-based lightemitting diodes (LEDs). Both truncated cone and cone shape patterns were fabricated on the sapphire substrate to compare the enhancement effect of light extraction efficiency of LEDs according to the shape of sapphire patterns. A blue LED structure was grown on the two different NPSS, and the photoluminescence (PL) and electroluminescence (EL) were measured to confirm the effectiveness of the two different nanometer-scaled patterns on sapphire. An improvement in luminescence efficiency was observed when NPSS was applied; 2 times stronger PL intensity and 2 times stronger EL intensity than the LED structure grown on the un-patterned sapphire substrate was measured. These results show highly periodic nanometer-scaled patterns create multi-photon scattering and effectively enhance the light-extraction efficiency of LEDs.
Introduction
GaN-based light emitting diodes (LEDs) have been focused as most promising next generation solid-state lighting source due to its several merits including low power consumption, longer life, smaller size, faster switching, and green technology. Nowadays, various techniques, such as GaN epitaxial growth, metal ohmic contact, patterned sapphire substrate (PSS), surface roughening, have been developed to enhance the external quantum efficiency of GaN-based LEDs [1] [2] [3] [4] [5] .
Among these techniques, the PSS technique shows a standout achievement of both enhancing the internal quantum efficiency and light extraction efficiency of GaN-based LEDs. The patterns on sapphire substrate offer a way for epitaxial lateral overgrowth, which can eliminate the dislocation density [3] [4] [5] , but also served as a scattering center for the guided light. The geometrical shape of the sapphire patterns can effectively scatter or redirect the guided light inside an LED chip to find escape cones, such as the hemispherical shape made by the dry etching technique and the inclined R-plane facet of sapphire made by the wet etching technique. But the geometrical size of the sapphire patterns is focused on the micrometer magnitude. For the same area of sapphire substrate, the reduced geometrical size of sapphire patterns can increase the number of patterns, and then increase the opportunity of light scattering [6] , [7] . Also, when the sapphire substrate is patterned on the nano-scale, the required thickness of the un-doped GaN layer can be reduced, while maintaining its effectiveness for enhancing the light extraction of the device.
NPSS is also an important factor for improving the EQE of the LEDs but few studies are focus on the morphology effects of NPSS of LEDs grown on NPSS. In addition, the fabrication of nanoscale patterns requires more complicated techniques. The nanoscale patterns were usually fabricated by e-beam lithography, holographic lithography, nanosphere lithography, and nanoimprint lithography (NIL). In contrast, NIL is one of the most promising technology for nanoscale patterns fabrication due to its high resolution and high patterning capability with low cost.
In this study, we attempt to verify the pattern morphologies effects on the performances of GaN-based LEDs grown on NPSS. We utilize NIL and dry etching process to fabricate the NPSS with various morphologies, both electrical and optical properties of LEDs grown on unpatterned sapphire and NPSS with various morphologies were demonstrated and compared in detail.
Experimental
NPSS was fabricated by nanoimprint lithography and inductive coupled plasma reactive ion etching (ICP-RIE) process. Si master template with 300 nm diameter and 500 nm pitch was fabricated by conventional photolithography and RIE. And a flexible polymer stamp made from a poly(vinyl chloride) (PVC) film was duplicated from a Si master template using the hot-embossing technique and used as the imprint template. After duplication of PVC mold, self-assembled monolayer (SAM) coating to assist in the detachment of the PVC stamp after the UV nanoimprint (UV-NIL) process. Figure 1 shows the overall process flow. First, a 200 nm thick LOL™ 2000 layer was formed on the sapphire substrate by spin coating, 1500 rpm for 40 s. The coated LOL layer was then baked at 150 ℃ for 2 min. An adequate amount of UV-curable resin, containing 30 wt.% methacryloxypropyl terminated polydimethylsiloxanes (m-PDMS) and 3 wt.% UV initiator, balanced with a benzylmethacrylate monomer [11] , was dispensed and the UV-NIL process was carried out at 30 atm and a UV exposure of 5 min to obtain a near-zero residual layer of the imprinted resin layer. The residual resin layer and underneath LOL layer were removed by O 2 plasma etching to form the undercut structure of the LOL layer. Severe etching conditions were required because the sapphire wafer was not etched easily. Therefore, a metal based hard mask was used to etch the sapphire. In this study, Cr metal was used as the hard mask material. A 100 nm thick Cr layer was then deposited using an electron-beam evaporator. Subsequently, the isolated Cr dot pattern was formed on the sapphire substrate after sonication-assisted lifting-off of the LOL layer using a dimethylformamide (DMF) solution for 5 min. The sapphire was etched with Cr dots as the etch mask. After forming of Cr nano pattern, sapphire layer was etched by inductive coupled plasma reactive ion etching (ICP-RIE).
The morphology of sapphire nano pattern after ICP-RIE process can be controlled by adjusting the bias power. ICP-RIE with a BCl 3 and Cl 2 gas mixture was used to pattern the sapphire wafer. In this study, a 75% BCl 3 and 25% Cl 2 gas mixture was used for ICP etching of the sapphire with a chamber Fig. 1 . A schematic illustration of the overall processes. The details of this process can be found elsewhere. GaN-based LED structure was grown on the unpatterned and nano-patterned c-plane sapphire substrate using metal organic chemical vaper deposition (MOCVD). The crystalline quality of GaN-based LED structures grown on the unpatterned sapphire and NPSS was analysis by high-resolution x-ray diffraction. The surface morphologies of the NPSS were observed by using a scanning electron microscope (SEM). A room-temperature photoluminescence (PL) was examined using the 325 nm line of a He-Cd laser to investigate the luminescence characteristics at 300 K. The current-voltage (I-V) curves and light output powers of LEDs were characterized by Keithley 2400 and electroluminescence (EL). Figure 2 shows that the SEM top-view images of nanoscaled pattern during the fabrication of NPSS. Fig (a) and (b) show that the Cr mask pattern was clearly replicated from Si master template by NIL and lift-off process. And the diameter of nano pattern on the npss was broad from 300 nm to 400 nm during the ICP-RIE process. As shown in Figure 3 , SEM images show two different shapes of nano pattern which were fabricated on the sapphire substrate. After fabrication of Cr mask pattern, we can control the shape of nano pattern on the sapphire substrate using the change the bias power of ICP-RIE process. As increase the bias power of ICP-RIE process, Cr mask pattern was eroded and the sapphire pattern under the Cr pattern was sharpened. So, we can fabricate the both tapered nano patterned sapphire substrate (TNPSS) and cone-shaped nano patterned sapphire substrate (CNPSS) by adjusting the bias power of ICP-RIE.
Results and discussion
GaN-based blue LEDs were grown on the three different sapphire substrates using by MOCVD growth process. As shown in Figure 4 , a LED structure, consisting of a 3 nm thick un-doped GaN layer/a 2 nm thick Si-doped n-GaN layer/a 45 nm thick InGaN/GaN multi-quantum well (MQW) active layer (5 pairs)/a 100 nm thick Mg doped p-GaN layer, was grown on both the unpatterned and nanometer-scaled patterned cplane sapphire wafers simultaneously, and the luminescence characteristics and crystalline quality were compared to examine the effects of the nanometer-scaled patterns of the sapphire substrate on the luminescence efficiency and crystalline quality of GaN. In this paper, blue LED structures grown on unpatterned sapphire substrate and nanometer-scaled patterned sapphire substrate will be denoted as unpatterned LED and NPSS LED, respectively.
To compare the luminescence efficiency, the photoluminescence (PL) was measured at room temperature using a 325 nm He-Cd laser as the excitation source for both GaN LED structures grown on unpatterned, TNPSS, and CNPSS. Before the PL measurements, the LED structure was annealed at using a rapid thermal annealing system in nitrogen ambient to activate the Mg dopant in the p-GaN layer. The PL emissions were 450 nm in wavelength and they originated from the InGaN/GaN MQW active layer. The PL intensity of the LED on the NPSS fabricated by NIL was enhanced up to twice than that of the LED on the bare sapphire as shown in Figure 5 . This result also correlates with the PL mapping images shown in F igure 5(b). Since the total internal reflection can be reduced by scattering the light with nanometer-scaled patterns, stronger PL emission from the active layer of the LED structure was obtained from the LED structure grown on a NPSS. The crystalline quality could be known by the full width at half maximum (FWHM) of the ω-scan rocking curve and the FWHM of the ω-scan rocking curve for the (102) plane infer the density of edge-type and mix-type dislocations [ref] . The FWHM of the LED structures grown on the flat sapphire, TNPSS, and CNPSS were 291 arc sec, 254 arc sec, and 252 arc sec, respectively. The narrower FWHM of XRD rocking curve implies that crystalline quality could be improved by using NPSS technique. It should be noted that the LEDs grown on TNPSS and CNPSS show similar capabilities of Fig. 8 Reflectance of NPSS improving the crystalline quality. This suggests that the crystalline quality of the GaN epitaxial layer was improved using the nanometer-scaled patterned sapphire substrate. As a result of I-V characteristic, the LED grown on the flat sapphire and the patterned sapphire substrate has an operation voltage of 4 V and 3.8 V, respectively as shown in Figure 6 . It shows that the nano patterns on the NPSS can enhance the electrical property of the LED device.
The EL intensities of the LED grown on TNP SS, CNPSS were increase up to 90 % and 80 %, respectively, than that of the LED grown on the flat sapphire, as shown in figure 7 . It shows that the morphology of NPSS can affect the light extraction efficiency of LED structure grown on the NPSS. Tapered nano pattern can cause the light scattering or redirect the guided light inside an LED chip more effectively than cone shaped nano pattern.
Conclusion
We fabricated the NPSS with various morphologies by nano imprint lithography and dry etching process. The EL intensities of the LED grown on TNPSS, CNPSS were increase up to 80 % and 90 %, respectively, than that of the LED grown on the unpatterned sapphire.
